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We present combined experimental and theoretical results for the magnetic circular dictividn in
resonant 4 photoemissiofRPE from Th metal in the perpendicular geometry at different photon energies
across the whole of th#¥l, s resonance. The atomic calculations, which take into account the full multiplet
structure and the coherent second-order optical process, give excellent agreement with new experimental
results for the resonant photoemission decay. The angular dependence of the MCD-RPE and its strong spin
polarization in theMg region are also reported. For a single-configuration state the variations in the spectral
shape are found to be stronger as a function of angle than as a function of photon energy. Due to the presence
of the multiplet structure in the intermediate stat®8f° the coherent second-order optical process is essential
for a correct description of the RPE. While the analysis of the spectra in parallel geometry yields accurate
values of the spin-orbit, Coulomb, and exchange interactions, only the angle dependent RPE provides the phase
factors of the emitted photoelectron.
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. INTRODUCTION concentrated on @ transition metal§:2~! Also theoretical
investigations on MCD-RPE in PG have been limited tb 3
With the development of high-brilliance synchrotron ra- transition metals, such as thep2p3p, 2p3p3d, and
diation sources, a plethora of spectroscopies based on pola@p3d3d decays in Ni metal? For instance, the 23p3p
ized x-rays has become available, such as x-ray magnetidecay has been analyzed using the atomic proced$s By
circular dichroism’XMCD), x-ray magnetic linear dichroism —2p®3d'%- 3p*3d1%|«3s'3d%I, where ¢l denotes a
(XMLD), x-ray natural circular dichroism, x-ray resonant continuum photoelectron state and the photon enéngys
magnetic scattering, to name a few. In these spectroscopiesined across the2—3d resonance. Very recently, Taguchi
x-ray absorption spectrosco)AS) using circularly polar-  and van der Ladr have used a method based on the coher-
ized radiation, which gives rise to XMCD, has proven to beent second-order optical process to calculate th8@Bp
ideally suited to study the local electronic and magneticMCD-RPE in PG from Ni metal. A very good agreement was
properties of materials since relevant ground-state propertiasbtained with the experimental results by taking the wave
can be determined using powerful sum rufedlt is well  function of the ejected photoelectron as a superposition of
known that this magnetic circular dichrois(MCD) in the  outgoing and incoming spherical waves. The angular depen-
absorption spectrum vanishes when the helicity of the incidence of the MCD depends on the phase factors of the out-
dent light is perpendicular to the remanent magnetizatiogyoing photoelectrons. Therefore, the results indicate the im-
direction. However, in this perpendicular geometRG) the  portance of the phase factor of the ejected photoelectron for
MCD can still be present in the decay or emission spectrumghe angular dependence.
Thole, Dur, and van der Ladhobserved in PG an MCD in The Ni 2p3p3p RPE is a very simple case compared to
resonant photoemissidiviCD-RPE) of 9% for the 23p3p  that of the 4 metals. In general the calculations are rather
decay from ferromagnetic nickel. Braicovictt al>® ob-  involved and it is normally not possible to simplify the in-
served that also the MCD in x-ray resonant Raman scatterintgrpretation of the RPE process by dropping some terms in
(RRS does not vanish for PG. These studies have showthe Hamiltonian. The direct photoemission process from the
that both MCD-RPE and MCD-RRS can provide informationinitial state to the final state, the photon excitation to an
about the core-hole polarization that is not accessible byntermediate state followed by the decay into the final state,
XMCD. Recent atomic calculations of the MCD-RRS by the coherent superposition of these processes and the
Fukui et al’” for the 2p—5d excitation followed by @ multiplet-term dependent lifetime effect in the intermediate
—2p radiative decay using a Gdf4 ground state were in state are all vital ingredients in the RPE. The combination of
good agreement with experiments on the;{@abs; amor-  these processes determines the photoemission intensity as a
phous alloy. The authors claimed that the MCD-RRS in PGunction of the incident photon energy, binding ene(B¥),
is caused by cross terms, which are characteristic of the caeometry(including the angle dependencéight polariza-
herent second-order optical process. tion, sample magnetization, and photoelectron spin. Such an
Until now, measurements of the MCD-RPE in PG haveevaluation requires considerable computational effort which
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has certainly limited the use of this spectroscopy up to now. a) {b)

The comparison between theory and experiment as a func-  poengicuiar Geometry Other geometry obtained
tion of all these experimental parameters, that can be either by rotating the sample
varied or measured, provides a much more stringent test than P

standard RPE. It can also avoid errors in the interpretation of (Pin »€0u)

the experiment, because while conventional calculations of-
ten make simplifying assumptions, such as angular integra-
tion, these conditions are in practice not fulfilled since pho- » ;
toelectrons are always detected within a restricted angular M’
acceptance cone, hence the mentioned phase factors will in-
fluence the observed spectra. Moreover, it has been demon- F|G. 1. Experimental geometry for the MCD-RPE whétés
strated that by applying the sum rules for angle-dependenhe direction of the incident circularly polarized x ray,the rem-
MCD-RPE (Refs. 4,12 and MCD-RRS(Refs. 6,14 it is anent magnetization direction, amdthe direction of the detected
possible to extract higher order ground-state spin and orbitglhotoelectrons. The anglee,P is fixed to 60°.(a) Perpendicular
coupled multipole moments, such as the octupolar and hexaeometry (PG); (b) Geometry for measuring the angular depen-
decapolar moments. Measurement of the MCD in PG has idence, where the angfg,= 2P,M is varied.
this case the advantage that the isotropic contribution drops
out. This method is complementary to the sum rule analysifine was equipped with a spherical grating monochromator
for XAS that provides the number of valence holes and thegiving soft x rays with an energy resolution 6f0.4 eV and
spin-orbit interactiort? for XMCD that provides the spin and a degree of circularly polarization of 8%% in the region
orbital magnetic moments; and for XMLD that provides of interest.
the quadrupole moment and the magnetic anisottbpy. The geometry for photoemission is depicted in Fig. 1,
The M, 5 XAS,' the 4f photoemissiolf and the RPE  whereM is the remanent magnetization direction @the
(Ref. 19 spectra of rare earths systems all show a largelirection of the incident x rays, which is parallel to the he-
multiplet structure and a strong MC1?! Although the licity vector. Photoelectrons were collected around the direc-
analysis of these spectra provides accurate values of the spitien e using a hemispherical energy analyzer with an accep-
orbit, Coulomb, and exchange interactidfst is only the  tance cone of 20° and an energy resolution of 0.2 eV. The
angle-dependent RPE that can be used to test the phase féarge acceptance angle for the photoelectrons ensures the av-
tors of the emitted photoelectron. Incorporation of the cohereraging over diffraction effects which give variations on a
ent second-order optical process is essential for a corresicale of a few degrees. Due to the experimental constraints in
treatment of the angle-dependent RPE in the presence altrahigh vacuum the angle P,eis fixed to 60°. Figure (a)
multiplet structure in the intermediate state. Using the anglg&hows the PG, whereL M. Figure 1b) shows the geometry
dependent Tb 8—4f RPE as a critical test for the coherent used for the angle-dependent measurements, where the
second-order model calculations, we find a very good agreesample is rotated around the afX e, thereby varying the
ment with experimental results. On the other hand, a simplianglep;,= 2 P,M. Since the magnetic remanence of the Th
fied model based on the fast-collision approximation wouldfilm is notoriously in-plane we could not reach tiR§M
break down due to the multiplet structure. In this model onealignment and instead used a grazing anglegf30° as
assumes that the intermediate state lifetime is so sherf  done also in Ref. 19.
the energy broadening of the intermediate state lifetime is ~ The spectra were normalized to the incident photon flux
sufficiently large that there are no scattering paths from theand an integral background correction was performed for the
initial to the final states with an energy difference morespectra measured with and — helicity prior to taking the
thanT'. MCD difference spectrum. Details of this procedure have
This paper is organized as follows. The experimental debeen described previousl§.No saturation corrections were
tails are described in Sec. Il. The theoretical model and forapplied.
malism are given in Sec. Ill. The calculated results and com- The XAS and XMCD spectra were recorded in total-
parison with experimental results is presented in Sec. IVelectron yield. The ThV 45 XMCD measured fomp;,= 30°
where also the angle dependence and the spin polarizatiqfig. 2) was the same as reported previodSIfrior to tak-
are discussed. Conclusion are drawn in Sec. V. ing the data for the MCD-RPE in PGig. 3) it was verified
that the XMCD signal was completely zero in this geometry.

Il. EXPERIMENTAL

. . . L Ill. THEORY
Tb(000Y) films with a thickness of 10 nm were epitaxially

grown on W110 following a standard procedufé.The Our aim in this study is to calculate thed3>4f XAS,
films were in-plane magnetized using a nearby solenoid inXMCD, and the MCD-RPE across thel3- 4f excitation for
side the UHV chamber. Measurements were performed oa 4f" system in spherical symmetry. We assume that for the
thein situ prepared samples, in remanent magnetic state andre earths the interaction with the band likeds)® is so
at a temperature of 30 K, using circularly polarized x rayssmall that its influence can be neglected. We consider the
from the undulator beam line ID12&urrently IDO8 at the  excitation-decay processf %+ hv—3d%4f" 141" 1¢g| in
European Synchrotron Radiation Facil{i&gSRB. This beam resonance with the direct photoemission proce§$+hv

104408-2



MAGNETIC CIRCULAR DICHROISM AND SPIN . .. PHYSICAL REVIEW B68, 104408 (2003

The operatofT, called thet matrix, represents the effective
transition from|g) to the intermediate statém) and is de-
fined as

Thb 3d—4f XAS-MCD P/ M

<m|T|9>=<m|Vr|9>—i7T% (M[V4[kB)(kB|V:|g)

J ><5(hv+Eg—Ek/;). (4)

j/w The lifetime operatol” is defined as
(<]
g

. . . T (MT[m’y= > (m|Va|kB)(KBIVam') 8(hv+Eg—Eyp).
-20 0 20 k.8

Intensity (arb. units)

Relative Photon Energy (V) 5
FIG. 2. Calculated TiM ;s XMCD for P|M (draw line together The wave function of the ejected photoelectron in the

with the experimental spectruniclosed symbols for 2 P,M ponf[inuum state travelling in the directidnwith energye,
=30°. The shape of the XMCD is not expected to be angle depentS given by

dent. The photon energies at which the resonant photoemission 1
spectra have been taken are markedaby. . . - v -

P o = 2 e AR RR(DYin(T), ()

—4f"1gl, wherehw is the incident photon energy, and™ ) ) )

3d%f"* 1, and 4" !¢l are the electronic configurations of where 5! is the to'gal phase shift of thieh partlal wave.and

the ground state, intermediate state, and final state, respe@e, /() iS the radial part, and the spherical harmoniGg,

tively. In the calculation the kinetic energy of the continuum have the Condon and Shortley phase converffi@ubstitu-

electron is taken such that the total energies of wi#3"*1  tion of Eq.(6) into Eq.(2) can lead to interference between

and 4" ¢l are the same, in fact these configurations formspherical harmonics with differemtvalues. The angular de-

the same coherent state. pendent MCD spectrum will be sensitive to the phase factors
The method for calculating the RPE is almost the same a8f the photoelectron.

Ref. 23 and leads to the same results for parallel geometry as F(&,hv) gives a two-dimensional distribution of the pho-

Ref. 19. The Hamiltonian can be written as toemission. By slicingF along the binding energy (BE
=hv—e¢) for fixed hy we obtain the RPE spectra, which
H=Hy+V,+V,, (1) give the & energy distribution. By slicing= along hv for

fixed BE we obtain the constant-initial stat€1S) spectra
whereH, describes the atomic configuration including Cou- (not used in this papgrThe integration of over the emitted
lomb, exchange and spin-orbit interactions of tltkadhd 4f electron energy (i.e. summing over the CIS spectrgives
shells in the presence of a magnetic fielg,is the radiative  the M, 5 XAS, and hence the XMCD.
dipole transition of 8—4f and 4 —e¢l, andV, is the Au-
ger transition with radial matrix elemen®3d,<l;4f,4f). IV. RESULTS AND DISCUSSION

The spectrum of the RPE is given as
We calculated the TM 45 XMCD in parallel geometry
(P[M) and the MCD-RPE for different angles. The atomic

F(S,hV)Zkz [(kBIV,+V,G(hv)T|g)|? Slater integrals, spin-orbit interaction, electric-dipole transi-
# tion probabilities and Auger matrix elements were obtained
X 8(hv+Eq—Eyg) d(e—ey), (20 using Cowan’'s Hartree-Fock program with relativistic
corrections® The calculated values are listed in Ref. 19. The
where Slater integral$(4f,4f), FX(3d,4f), andGX(3d,4f) were

scaled to 84, 100, and 80 %, respectively, as obtained from

optimizing the Tb M,s XMLD,?! off-resonant photo-
hv+Eg—Ho+il’ 3 emissiort??® and 34f4f MCD-RPEL Although the scal-

ing influences the relative energy positions of the multiplet
where we take into accoult, up to the first order antf, up  peaks, its effect on the relative peak intensities in the MCD
to the infinite ordere is the photoelectron energlg) the  spectrum is small. Therefore, the effect of this scaling has
ground state oH, with energyE,, and|kg) the final states not much consequences for the purpose of the present work.
with energiesk, ;. As usual, we ignore the interaction be- The allowed symmetry for the orbital quantum numbee bf
tween the emitted photoelectron and the ionic configurationis | =d, g for direct photoemissioridipole transitions and
so that the final statd&g) and their energies can be decou-1=s, d, g, i, | for the Auger proces§Coulomb interactiohn
pled askB)=|k)|8) andE,z=s\+E, respectively, where We will neglect thel channel which contributes the largest
|k) represents thel continuum electron state with energy matrices in the calculation but makes little difference for the
ey, and|B) the final states of the Th ion with enerdgy; . total intensity. The calculated Hartree-Fock values of

G(hy)=
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FIG. 3. Tb I—4f resonant photoemissiofiRPE and corresponding MCD spectra in perpendicular geon{see Fig. 13)] at the
photon energies marked lay . . . ,g in the M, 5 XMCD spectrum of Fig. 2. Upper panels: calculated RPE-fohelicity (drawn ling and
— helicity (dashed lingof the incident x rays together with the experimental resultstfdnelicity (closed symbolsand — (open symbols
helicity. Middle panels: calculated MCD specttdrawn line and experimental result®pen squargs Lower panels: calculated spin

polarized MCD spectraycp yp (drawn ling and | ycp gown (dashed ling
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the phase shifté, 64, 64, and&; with respect tos, were 2. Systematics

4.32,1.76, 4.62, and 5.81 rat7d, _respectively, for a kineFic en- e shall now make a comparison between the spectral
ergy of ~1250 eV. For the & final states we took a life-  shapes of MCD at differerttv. For this purpose we look at
time broadening of"=0.17 eV and a Gaussian broadeninghe calculated spectra. The spectral variations as a function
due to the experimental resolution of=0.085 eV:" FOr  of angle are more smooth in the experiment than in the
comparison with the experimerit, was taken as 0.4 eV for theory, because the former were done using a photoelectron

theM, s edges. The calculated RPE spectra were fitted usingetector with an acceptance cone of 20°, whereas in the
an effective Stokes parameter =0.8, which takes into |atter the precise emission angle was used.

account the degree of circular polarization of285% and According to Ref. 19, for parallel geometry tié=5

the incomplete magnetic saturation. (positive XMCD) gives intense peaks for high values in
Figure 2 shows the calculated W, s XMCD in parallel  the MCD-RPE, whilel’' =7 (negative XMCD gives intense
geometry, which is in good agreements with experimentaheaks for lowL values. Since the XMCD signal varies
results and with previous atomic calculatidfisThe Tb  strongly with hv (Fig. 2) there will be strong variations in
ground state’Fg (~95% purity in intermediate coupling the MCD-RPE spectral shape in parallel geometry for small
has total angular momentuds=6 and is connected with the  changes ir». On the other hand, judging from Fig. 3, such
intermediate stated’ via the dipole selection rule&J=0,  strong variations do not seem to be present in the case of the
*+1 whereJ'=5 gives positive featuresc( d, €) andJ’  pG, where the signature of the MCD-RPE is quite similar for
=7 negative featuresa( b, f, g) in the XMCD. every photon energy. Figure 3 shows that peaks with high
values (°H and 1) are positive while those with lowel
_ values(®S,%p.°p, and 6G) are negative. The MCD in PG is
A. Perpendicular geometry usually strongest for the highdstvalues, i.e.G,%H, and °I
1. MCD-RPE and becomes weaker for lowkrvalues.

The calculated results for the RPE in P&e Fig. 18)]
are shown in the upper panels of Fig. 3, where the spectra for
hv=a, ... g are obtained by tuning the photon energy to Itis also of interest to consider the spin-polarization of the
the Corresponding peal&to g in theM4’5 XMCD of F|g 2. em|tted phOtoeleCtron fOI‘ MCD-RPE in %The IOWer
The experimenta| spectra are shown by Opdnsed sym- panels of F|g 3 show for differertiv the calculated Spin-
bols and the theoretical spectra by dastwr@wn curves for ~ Polarized MCD spectra, which are defined as
the — (+) helicity of the incident x rays. The calculated
results are in very good agreement with the experiment for Imepup=!+,up~ = ups
all photon energies. As was already pointed out for angle-
integrated RPE? the lower BE regior{below —2 eV) con-
tains a single peak arising from th&s state. The region
between 0 and 3 eV contains tli@, 6, and °D states and For all photon energies we find a strong spin polarization of
the region between 3 and 6 eV contains maifty and ®H the MCD-RPE with mainly spin-up photoemission for the
states. For each photon energy the sextet spin states displyv-spin (sextej states and spin-down photoemission for the
strong signals, while the octet spin staftS] is rather weak. high-spin ¢S) state. This is due to the selection ruleS
On the other hand, fohv=d and g the high BE region =s==3, from the septet spin ground state, wheris the
(above 6 eV shows a rather strong contribution from quartetspin of the photoelectron. The large spin polarization can
spin states, because the corresponding peaks in the XMCaiso be appreciated from the spin polarized spectra
contain a relatively high amount of states with lower spin
character, such as 41% quintet and 53% triplet spin states,
respectively.

The middle panels in Fig. 3 show the corresponding | - i
MCD-RPE in PG. Fohv=c, e f, andg, there is a good down™ " +down T 7~ down:
agreement between the calculatedawn and experimental  yhich are shown in Fig. 4. The strong spin polarization

(dashedl spectra, but ther(g are some differencestfor=a,  garises because the Th has 6.94 spin-@igkectrons but only
b, andd. For hv=a, the °G and °D are negative in the 1 og spin-down 4 electron?®

calculation but appear as slightly positive in the experiment. The MCD spectrum can be decomposed as
For hv=Dh, all multiplet states have the correct sign but the
calculated®G, ®H, and °D are quite a bit larger than in the
experiment. Fohv=d, théH gives a large positive signal
in the calculation, but is slightly negative in the experiment.
In the calculation the intensity at the high BE side is higher
than in the experiment and also the energy positions of thand a comparison with the spin spectra in Fig. 3 shows that
peaks are slightly higher. Such a reduction in intensity andhere is a strong resemblance between lthep and the
shift toward higher BE has also been observed for other coréycp,p Spectrum. This is due to the fact that thgep gown
level photoemission spectt&?!?’ specrum is small.

3. Spin dependence

I MCD,down— I+ ,down I ,down-

lup=1 4 upt 1~ ups

I'mcp= I mep,upt I mep,down

=1 +,up l —,Up+ I +,down I —,down
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5G do not change very much.
For hv=b and p;,=30° [Fig. 5b)] the °I is large for
+ helicity while the 8S is relatively small. The angle depen-

AT dence of thé®S and ®H is the same as fdrv=a, but the®P
shows no angle dependence while ftiz and °G increase in
b going to PG.

2. Comparison with experiment

Figures 6 and 7 show fdny=c andd, respectively, the
comparison between the calculatgelft panel$ and the ex-
perimental(right panel$ angle dependence, whel@ shows
the RPE for the two helicities an#) the resulting MCD. For
hv=c [Fig. 6b)] the MCD shows an excellent agreement
between theory and experiment. Fgr=30°, the signal is
largest for+ helicity over the whole BE region, except for
the 8S which is larger for— helicity. Going towards 90°, the
intensity for — helicity increases, which makes the spectral
shape more similar for both helicities and tR& finally
reverses at 90°. ThéS is always negative and increases in
going to 90°. The®l has always a positive MCD but de-
creases for increasing, .

! ! For hv=d the comparison between theory and experi-
10 0 10 0 ment for the RPE and MCD is shown in Figgarand 7b),
Relative Binding Energy (eV) respectively. Also in this case the agreement is quite good.

FIG. 4. Tb 31— 4f RPE in PG for the different photon energies - anticipated above, the quartet states at the higher BE side
across theM 4 s resonance. Left panel;,; right panel:l,,, (drawn have a large intensity. The,RPE shows an an_gle dependence
ling) and | yo, (dashed ling of the quartet states but this is not so visible in the MCD.

Intensity (arb. units)

Figure 4 further shows the spin-orbit spectrum, which V. CONCLUSIONS

measures an alignment between the spin and orbital mo- . .
ments of the 4 hole created in the final state, and which is We have presented experimental results for the magnetic
defined a& ' circular dichroism in Tb 8—4f resonant photoemission

(MCD-RPE in perpendicular geometrfPG). These results
have been compared with calculations using an atomic
o ) o ] model that takes into account the full multiplet structure and
which is also quite similar to theycp with, as expected, @ he coherent second-order process. Very good agreement be-

lso=1 MCD,up— I'me,down= 1 + up I up I+ down™t | - downs

reversed sign for théS peak. tween the experimental results and the calculations is ob-
tained for the RPE and corresponding MCD. The presented
B. Angular dependence calculations show that the MCD-RPE in PG can be success-

fully exploited in complicated cases, such as the rare earth
systems, and not only in the more simpler cases explored up
While the ®S peak in the MCD-RPE has a rather low to now. While the strong variations in the XMCD signal as a
intensity in PG[Fig. 3@)], in the study for the parallel function of photon energy lead to equally strong changes in
geometry® this state has a rather large negative intensitythe spectral shape of the MCD-RPE in the parallel geometry,
especially forhv=a. In order to be able follow the varia- this is not the case in PG, where the signature of the MCD-
tions in spectrum in going from parallel geometry to PG, WeRrPE is quite similar for the different photon energies across
plotted for different angleg, in Fig. 5 the RPE fohv=a  the absorption edge. The MCD in PG is usually the strongest
andb, for — and+ helicity. The angle2 P,M is fixed at 60°  for the highest values, i.e.,5G,®H, and ®I, and becomes
[Fig. 1(b)], so that the “parallel geometry” of Ref. 19 corre- weaker for lowerL values. On the other hand, as shown in
sponds top;,=30°, e,,=90°, while PG corresponds o,  Ref. 13, strong spectral changes with incident photon energy
=90°, ey, =30°. are expected when the final state is a mixtimgbridization
Forhv=a the ®S state has a large intensity fer helicity  of different electronic configurations. This could open up an
resulting in a strong MCD signal gt;,=30° [Fig. 5@]. interesting method to study hybridization effects.
Going to 90°, th&S decreases strongly for helicity and While the RPE in parallel geometry has been well under-
also the °P, 81, and °D decrease slightly for both helicities. stood in terms of spin-orbit, Coulomb, and exchange
On the other hand, théG and °H increase for both helici- interactions,® only the angle dependent RPE can verify the
ties. In the MCD spectrfFig. 5(b)] the negative peak of the phase factors of the emitted photoelectron. We have also pre-
P decreases in going to PG in the same way as%Be sented calculations which show that the MCD in RPE is
while the ®H shows the opposite behavior. TRE °D, and  strongly spin polarized. This is due to the fact that the

1. Calculated results
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FIG. 5. Calculated Tb 8—4f RPE at different angles fdg) hv=a and(b) hv=b. The experimental geometry is as in Figbflwith
the anglep;, indicated for each spectrum. Left panels: RPEfohelicity (drawn line and — helicity (dashed lingof the incident photon;
right panels: resulting MCD.
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FIG. 6. Tb d—4f RPE at
different angles forhv=c. The
geometry is as in Fig. (b) with
pi, indicated for each spectrum.
() RPE for + helicity (drawn
line) and — helicity (dashed ling
(b) resulting MCD. Left panels:
calculation; right panels: experi-
mental results.
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FIG. 7. Tb d—4f RPE at
different angles forhv=d. The
geometry is as in Fig. (b) with
pin indicated for each spectrum.
(@ RPE for + helicity (drawn
line) and — helicity (dashed ling
(b) resulting MCD. Left panels:
calculation; right panels: experi-
mental results.

these atom-specific parameters, e.g., from Hartree-Fock cal-

culations, we could use the angle dependence to obtain in-

We also presented theoretical results for angle dependené¢ermation about the ground-state properties of the system,
of the RPE and its MCD in thé/l5 region. The calculated much along the lines of the sum-rule analysis for second-
results with the photon energy above g threshold have order processet®1214
been compared with the experimental results and show good
agreement. Interestingly, there is a very strong angle depen-
dence of the spectral shape which can be used to obtain extra
information. For a system with a known ground state, infor-
mation can be obtained on the phase factors of the outgoing We acknowledge the European Synchrotron Radiation Fa-
photoelectron and on the angular dependence of the intraility for beam time and we are grateful to K. Larsson and N.
atomic Coulomb interaction. Vice versa, when we knowB. Brookes for the support on beam line ID12B.
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